Abstract. A method of fragmenting ions over a wide range of m/z values while balancing energy deposition into the precursor ion and available product ion mass range is demonstrated. In the method, which we refer to as "multigenerational collision-induced dissociation", the radiofrequency (rf) amplitude is first increased to bring the lowest m/z of the precursor ion of interest to just below the boundary of the Mathieu stability diagram (q = 0.908). A supplementary AC signal at a fixed Mathieu q in the range 0.2-0.35 (chosen to balance precursor ion potential well depth with available product ion mass range) is then used for ion excitation as the rf amplitude is scanned downward, thus fragmenting the precursor ion population from high to low m/z. The method is shown to generate high intensities of product ions compared with other broadband CID methods while retaining low mass ions during the fragmentation step, resulting in extensive fragment ion coverage for various components of complex mixtures. Because ions are fragmented from high to low m/z, space charge effects are minimized and multiple discrete generations of product ions are produced, thereby giving rise to "multigenerational" product ion mass spectra.
Introduction
T his paper is the second in a series of three that demonstrate the expanding capabilities of quadrupole ion traps for tandem mass spectrometry (MS/MS). In a first method, ion isolation is addressed with a dual frequency isolation technique [1] . The third paper deals exclusively with resolution improvements in mass spectra recorded using resonance ejection and secular frequency scanning by means of a dual frequency ejection waveform [2] . This paper concerns itself with the intermediate step in MS/MS, the dissociation of precursor ions into product ions.
Collision-induced dissociation (CID) of ions in quadrupole ion traps lends many benefits to mass spectrometry as a method of complex mixture analysis. Dissociation of isolated precursor ions into their respective fragments gives information about the structure of the precursor ion, allowing structural elucidation of unknowns. Each stage of CID also increases signal-to-noise since the inherent chemical noise is filtered out [3] . Analyte selectivity is increased via selected (or multiple) reaction monitoring (SRM/MRM), which is particularly useful for quantitative analysis [4, 5] .
The primary method of CID in ion traps is resonance excitation [6, 7] , wherein a small AC signal is applied in a dipolar manner to opposite trap electrodes, thereby generating an additional oscillating field to supplement the quadrupole field provided by the driving radio frequency (rf) waveform. If the frequency of this signal matches the secular frequency (⍵ u = β u Ω/2, where u is a dimension of the quadrupole field, β is the Mathieu parameter, and Ω is the angular rf frequency) of ions of a given m/z, then these ions will be excited to larger trajectories within the trap. As they gain kinetic energy from the rf field and collide with intentionally-introduced bath gas molecules, they will fragment because of conversion of kinetic energy to internal energy [8, 9] .
There are various ways in which ions having a small range of m/z values may be fragmented. Among them are red-shifted off-resonance large-amplitude excitation (RSORLAE) [10] , high amplitude short time excitation (HASTE) [11] , and the similar "fast excitation" CID [12] , dynamic collision-induced dissociation (DCID) with fundamental and higher-order excitation frequencies [13] [14] [15] , and off-resonance CID using beat frequencies [16] .
Methods of broadband excitation also exist. Note that there are several reasonable definitions of "broadband." When discussing broadband waveforms, broadband refers to the combination of multiple frequencies. Here we refer to broadband CID as a process in which a large range of m/z values is excited, either simultaneously or in a single step (as in a single ramp of the rf amplitude). In this paper, the latter definition of broadband is used exclusively.
A secular frequency scan [17] [18] [19] [20] can be used to fragment ions of different mass/charge ratios as a function of time (broadband CID) by sweeping the frequency of the supplementary AC at constant rf amplitude. However, the method is limited by the different q values at which each ion fragments; this restricts energy deposition into some precursor ions and limits product ion mass range for others.
A second method of broadband dissociation is dipolar DC collisional activation, in which DC potentials of opposite polarities are applied to opposite electrodes, thus displacing the ion cloud from the center of the trap [21, 22] . The ions absorb power via slow rf heating and eventually dissociate. Dipolar DC CID is simpler than other methods since only a DC potential is needed, and multiple generations of product ions can be observed, but only a few analytes have been studied and there is very limited m/z selectivity because ion secular frequencies are not interrogated.
Another method for simultaneous excitation or ejection of multiple ions is the stored waveform inverse Fourier transform (SWIFT) [23] [24] [25] , although it is generally used to perform ion isolation rather than to dissociate a set of ions. The masses of the ions to be excited or ejected are converted to secular frequencies for incorporation into a complex waveform consisting of sinusoids spaced every~100-500 Hz with phases calculated according to a quadratic function so that the power is distributed evenly throughout [26] . The waveform is then applied for a short time in a dipolar manner, resulting in broadband excitation of ions.
Here we introduce a method of broadband dissociation, "multigenerational CID," in which a reverse rf amplitude ramp is combined with a fixed frequency resonance excitation waveform. With this method, which is most similar to Wideband Activation™ [27] , ions over a broad m/z range are fragmented, all at the same Mathieu q value, which is chosen to balance mass range and product ion intensity. Product ion mass range is increased by fragmenting at low Mathieu q while the deposition of sufficient energy into the precursor ion to effect fragmentation is improved by placing the ion at a high Mathieu q to increase its potential well depth. The name of the method is derived from the fact that, as we will show, multiple generations of product ions can be produced as the result of more than one discrete stage of CID, thereby giving "multigenerational" product ion mass spectra that are reminiscent of high-energy CID.
Experimental

Ionization
Nanoelectrospray ionization at~2-3 kV was used for ion production. Borosilicate glass capillaries (1. 
Instrumentation
All experiments were performed in the positive ion mode using the Mini 12 miniature mass spectrometer developed in-house at Purdue University [28, 29] . The Mini 12 uses a rectilinear ion trap (RIT) [30] with inner radii 4.0 mm in y and 5.0 mm in x (i.e., a stretched geometry). Ion introduction and vacuum conditions were controlled with a discontinuous atmospheric pressure interface (DAPI) [31] as well as miniature turbo and diaphragm pumps.
The general scan function for multigenerational CID as well as its illustration on the well-known Mathieu stability diagram are shown in Figure 1 . Ions were injected into the RIT through a discontinuous atmospheric pressure interface (DAPI) that was open for~13 ms. The ion population was then allowed to collisionally cool to the center of the trap for~600 ms as the pressure inside the vacuum chamber dropped to <1 mTorr. At the end of the cooling step the rf amplitude was raised to isolate the range of precursor ions of interest. The cooling step was followed by a 200 ms CID stage in which either (1) a single AC frequency (either 80 or 100 kHz, q x = 0.22 or q x = 0.28, respectively) of decreasing amplitude was applied in a dipolar manner to the trap during a reverse rf amplitude ramp, or (2) a SWIFT waveform consisting of a broad range of frequencies 10-500 kHz was applied to effect broadband dissociation while the rf amplitude was kept constant at an appropriate value. The CID stage was then followed by a~270 ms cooling period to allow the resulting product ions to decrease their amplitudes in the trap and a 300 ms resonance ejection mass scan at 349 kHz (rf frequency = 0.999 MHz) in order to record a mass spectrum from m/z 100 to 800. All scans shown are the average of three single scans.
Note that the 270 ms collisional cooling period is long relative to that used in a benchtop instrument (in which a cooling period would be on the order of 10 ms) because of the Mini 12's vacuum system. When the DAPI valve closes, the pressure in the vacuum manifold decreases to~1 mTorr in ~500 ms, at which point a resonance ejection scan would normally take place. However, because the ions are first collisionally cooled after the DAPI opening and then subjected to a relatively long CID step, the pressure in the trap falls to ca. 10
Torr during the second collisional cooling step, which explains why so long a cooling period is needed. A benchtop instrument in which the pressure in the ion trap is carefully regulated should not need so long a cooling period.
In this paper, we differentiate between two different lowmass cutoffs (LMCO). The precursor ion LMCO (the lowest m/z precursor ion that will be stored during the CID step) is determined by the rf amplitude at the start of the CID step ( Figure 1b , rf amplitude). The second kind of LMCO is the product ion LMCO, which corresponds to the lowest m/z product ion that can be detected during the mass scan. The product ion LMCO is determined either by the lowest rf amplitude at the end of the CID step, or by the rf amplitude during the subsequent cooling step.
Results and Discussion
In general, there are two methods of performing broadband CID, that is, of fragmenting ions covering a wide m/z range. Ions can either be fragmented at (1) constant Mathieu q parameter, or (2) variable Mathieu q parameter. An example of the latter method is SWIFT excitation. Methods that fragment ions at different Mathieu q optimally excite a small portion of the ions but could also eject others because of their lower pseudopotential well depths (which is a function of both Mathieu q and rf amplitude) [32] . Furthermore, the available mass range for each precursor ion will be different. Precursors at high q will generate product ions that will immediately be ejected from the trap, whereas precursor ions at very low q will be ejected during excitation. It is for this reason that CID is usually performed at a q value that balances the product ion mass range against the energy deposition into the precursor ion. The result is a choice of Mathieu q of 0.2-0.35 in most cases.
This balance in ion trap CID conditions motivated us to develop a method that has two characteristics: (1) precursor ions over a large m/z range should fragment to give high product ion intensities, and (2) each precursor ion subject to CID should have the same fractional product ion mass range. These characteristics are obtained simply by setting the excitation waveform at a constant frequency (see AC frequency, Figure 1b ). On the Mathieu stability diagram (Figure 1a) , the excitation is illustrated by a stationary "hole" on the q axis. In order to fragment a broad range of ions, the rf amplitude must then be scanned. Although there are many benefits to scanning the rf in the forward direction [33, 34] , including higher sensitivity and better resolution, these are limited to the mass scan. For the purpose of broadband CID, it is more beneficial to sweep the rf amplitude in the reverse direction. First, all precursor ions that are subject to CID have the same fractional product ion mass range, and the fragment ions are preserved since their q values decrease during the fragmentation step, which is similar to pulsed q dissociation and similar methods [11, 12, 35] . A second reason for scanning the rf amplitude in the reverse direction is that ion secular frequencies will shift away from the working point [33, [36] [37] [38] [39] (assuming a positive octopole contribution) as the rf is being scanned, thereby giving each ion longer to be at or near resonance. This is particularly important during a scan in which each ion is only excited for a short period of time, unlike SWIFT. Yet a third reason is that space charge effects are minimized by first exciting those that lie on the outside of the ion cloud, viz. the high mass ions, rather than attempting to 'peel the onion from the inside' by first exciting low mass ions [40] .
A second important parameter during the CID scan is the AC amplitude, which should be ramped from high to low to accommodate the fact that ions are excited from high mass to low mass. This accomplishes two things: (1) it scales the excitation to the potential well depth of each ion so that ions of each mass are given an appropriate amount of energy (not too much, not too little), and (2) it prevents product ions from being ejected from the trap after they are produced. As we will show later, due to the choice of scan direction, multiple generations of product ions are observed in a single scan, giving rise to product ion distributions unlike that of single stage MS/MS.
In the experiments performed here, the scan function in Figure 1b was used. After the CID scan just described, ions were allowed to cool for~270 ms, after which they were ramped out in typical resonance ejection fashion by increasing the amplitude of both the rf and AC while keeping both frequencies the same (999 and 349 kHz, respectively). As noted previously, the second collisional cooling step is long due to the low pressure (<10
Torr) in the trap at times near the end of the scan table.
The Figure 2a . The spectrum can be considered a "blank excitation" since the scan function in Figure 1b was used, but without application of the supplemental AC signal during the CID step. The high starting rf amplitude during the CID step imposes a relatively high low-mass cutoff for the precursor ions that is indicated by the red dotted lines. Any product ions having a mass/charge ratio less than that corresponding to this precursor ion LMCO will not be stored unless the rf amplitude is lowered before or during CID. Fortunately, we are ramping the rf amplitude in the reverse direction, and as a result the LMCO for product ions is continually decreasing, allowing them to be stored in the trap as they are produced. Figure 2b shows the result of applying a 210 ms SWIFT waveform for ion excitation followed by 200 ms cooling and an ion scan out step. In terms of the scan table in Figure 1b , the precursor ions were still isolated just before CID by quickly increasing the rf amplitude so that m/z 242 was the lowest m/z precursor ion stored. Then, instead of ramping the rf amplitude, as in Figure 1b Table 1 for relationship between parent and product ions. CID step was adjusted to a fixed, lower, and optimal value that gave the best distribution and intensities of product ions. Note that this then lowered the product ion LMCO compared with the precursor ion LMCO. Because the rf amplitude was constant, the product ion LMCO did not change during the CID rf scan. Product ions m/z 268, 270, and 312 were observed, but the product ion LMCO at~m/z 175 imposed by the fixed and relatively high rf amplitude during the excitation step prevents fragments with m/z <175 from being observed. That is, because the rf amplitude is adjusted just before excitation to optimally fragment the precursor ions, a relatively high LMCO for the product ions is enforced. Note that the experiments in which the rf amplitude was ramped from high to low during SWIFT excitation returned poor results and therefore are not shown. The SWIFT amplitude and time of application were also optimized, but the varying q values of the precursor ions prevent broad product ion coverage. Figure 2c provides a stark contrast to the SWIFT excitation data. To obtain Figure 2c , a multigenerational CID method was used (Figure 1b , AC frequency 80 kHz, q x = 0.22). Fragment ion coverage is better because the rf amplitude is ramped from high to low, retaining m/z 128, 142, and 156 in the trap, and product ion intensity is quite high compared with SWIFT due to the correct scaling of AC amplitude with respect to m/z, despite the short excitation period for each ion. The relationships between precursor ions and product ions, obtained on an LTQ XL, Thermo Fisher, San Jose, CA, USA, are shown in Table 1 for comparison. In addition, Table 1 indicates which ions were observed with SWIFT excitation and which were observed with multigenerational CID. Figure 3a shows the full scan "blank excitation" of a second mixture, which is more complex. The intentionally introduced analytes were halogenated anilines, viz. chloroaniline, 2,4-dichloroaniline, and 4-bromoaniline. However, as shown, the actual mixture is considerably more complex with many peaks being observed. The precursor ion LMCO imposed during the blank CID step was chosen so that the signals attributable to the three introduced analytes were removed, thereby leaving only signals due to impurities and metabolites above~m/z 220. Here we performed broadband CID to demonstrate the acquisition of Each CID step was followed by 270 ms of cooling and a 300 ms resonance ejection scan where the rf amplitude was ramped from 188 to 1536 V 0-p with an AC frequency and amplitude of 349 kHz, 6.1 V p-p . Analytes were 2,4-dichloroaniline, chloroaniline, and p-bromoaniline, along with any impurities, reaction products, and metabolites therein. See Table 2 for precursor ions and their corresponding product ions. a significant portion of MS n space. The SWIFT excitation spectrum is shown in Figure 3b , and it suffers from the constraint of a constant product ion LMCO, which is the direct result of increasing the rf amplitude during the CID step. The spectrum in Figure 3c , however, does not exhibit such a high product ion LMCO because the rf amplitude is ramped from high to low with a constant frequency and decreasing excitation amplitude. Once again, product ion coverage is better when multigenerational CID is used, although the limited resolution of the Mini 12 prevents many product ions from being resolved. See Table 2 for precursor and product ions obtained via CID on an LTQ XL. In particular, we notice that multigenerational CID is particularly useful for retaining low mass product ions.
The most interesting consequence of scanning the rf amplitude in the reverse direction and thus fragmenting from high to low m/z is that multiple generations of fragment ions may be observed. That is, because ions are fragmenting successively from high to low mass, a precursor ion will fragment early in the CID rf scan and generate first generation product ions. These product ions can then dissociate later in the scan in a second discrete step because their secular frequencies are decreasing toward the excitation frequency as the rf amplitude is ramped. Hence, we observe more than one generation of fragments from "multigenerational CID." The product ion mass spectra that are produced will thus be combinations of fragments that are observed with discrete MS . A typical constant rf product ion MS/ MS spectrum is given in Figure 4a . The ions observed, m/z 174, 236, 364, 397, 436, and 448, and their relative intensities, are nearly identical to those obtained using other linear ion traps (e.g., an LTQ XL, not shown). The precursor ion is not observed because of the relatively long time it is on resonance. The multigenerational CID mass spectrum (Figure 4b ) is somewhat different and resembles spectra obtained under higher energy conditions. See reference [41] for a high energy (i.e., triple quadrupole) MS/MS spectra of reserpine. Although absolute intensities between the spectra in Figure 4 should not be compared, in general, high mass product ions have lower relative intensities and lower mass ions have higher relative intensities as seen in panel b. It should also be kept in mind that the amount of time each ion is on resonance during multigenerational CID is much shorter than in conventional constant rf resonance excitation. More importantly, different ions are observed as a result of multiple stages of fragmentation. For example, product ion m/z 448 was observed to fragment to m/z 195 using an LTQ XL (in an MS 3 experiment). The intensity of this peak is quite high, indicating efficient fragmentation of both the precursor and the first generation product ion. Furthermore, m/z 224 was determined to be the result of fragmentation of m/z 436, which is observed in Figure 4a but hardly present in Figure 4b , and m/z 236 is the product of fragmentation of m/z 397. These extra signals, that is, the observation of multiple generations of product ions in multigenerational CID, are a useful source of additional information that serves to characterize the precursor ion.
Further inspection reveals that multigenerational CID expands the capabilities of single ion traps and therefore increases the utility of the ion trap. For example, current multiple reaction monitoring methods in traps require multiple ion injections, isolations, and mass scan steps. However, with multigenerational CID, only one isolation, CID, and mass scan sequence is needed, assuming each precursor ion has a unique product ion that can be used for quantitation. Furthermore, the multiple generations of fragmentation that are observed can be used to obtain product ion spectra that more closely resemble those from higher energy instruments (e.g., triple quadrupoles), possibly allowing for the differentiation of isomers and further fragmentation of molecules that otherwise give little information in MS 2 . For this reason, the field of forensics and space exploration (e.g., NASA missions) may find particular interest in multigenerational CID. For such applications, either a significant backlog of samples or a limited amount of sample and limited ion injections would benefit from a method that can obtain unique mass spectra using fewer scan sequences.
Conclusion
We have introduced a method of broadband ion activation in quadrupole ion traps in which the rf amplitude is ramped downwards while a constant frequency but decreasing amplitude AC signal is used for mass selective ion excitation. The method, termed "multigenerational CID," consistently exhibits higher product ion intensities and better product ion mass ranges compared with SWIFT, despite limited activation time. Multiple discrete stages of dissociation can be observed with this technique because of the nontraditional scan direction.
This method is one of a suite of technologies recently developed that expand ion trap capabilities, simplify instrumentation, and improve performance. Other steps in CID are readily implemented using the dual frequency isolation technique and successive resonances for ion ejection.
